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A feasibility study on a new type of liquid scintillator based on water has been performed.Mainly due to the differences in polarities
between water and oil, organic solvents are not mixed in water. In order to make a liquid scintillator based on water, a surfactant
that contains hydrophilic and hydrophobic groups is used.The surfactant keeps water and organic solvents apart in solution. Good
physical and optical parameters and long-term stability are required to use liquid scintillator based on water in massive detector
for the next generation neutrino experiments. In this paper, we report the characteristics and the possibility of liquid scintillators
using water with various new surfactants.
1. Introduction
Liquid scintillator (LS) has been commonly used to detect
neutrinos emitted from reactors through inverse beta decay
process (IBD, ]
𝑒
+ 𝑝 → 𝑒
+
+ 𝑛) followed by neutron capture
[1]. The threshold energy of incident neutrinos for IBD is
1.8MeV [2]. A LS is a mixture of an organic base solvent
and fluor. Fluor is used to achieve light emission. In addition,
sometimes a secondary wavelength shifter (WLS), which is a
fluorescent organic chemical material that absorbs photons
and reemits photons at a longer wavelength, is added [3].
It shifts the wavelength to the optimal photomultiplier tube
(PMT) sensitive region [4].
For organic solvents, pseudocumene (PC, C
9
H
12
), linear
alkyl benzene (LAB, CnH2n+1–C6H5, where n = 10∼13),
phenylxylylethane (PXE, C
16
H
18
), and diisopropylnaphtha-
lene (DIN, C
16
H
20
) are used [5–7]. Among them, PC-based
LS has been widely used due to its high light yield (LY) com-
pared to LSs using other organic base solvents [4]. However,
PC has a low flashpoint (46∘C) and is very toxic to human
body and environment. Since neutrino detector is usually
located deep underground at the mountain region, strict
safety regulations need to be satisfied [8]. Liquid handling
of toxic PC is not easy for a large-scale detector. In addition,
high cost generated by using PC-based LS cannot be avoided.
Furthermore, some PC-based LSs have poor compatibility
with detector materials [9].
Therefore, if a LS using water is developed and replaces a
toxic liquid scintillator, it will be less hazardous, more useful,
and environmentally friendly and the compatibility problem
can be solved. Usually a scale of next generation neutrino
detector will be a few or hundred thousand tons [10, 11]. Mass
production of a liquid scintillator using water will be much
easier than using oil-based solvents. In addition, due to the
mixture usage of water and the scintillation light of liquid
scintillator, we can go lower Cherenkov energy threshold, so
that a low energy neutrino can be reconstructed. However,
in order to use a liquid scintillator based on water for a
neutrino detector, it should provide a sufficient LY and also
have a long attenuation length and chemical stability over
several years of experiments. In order to synthesize a liquid
scintillator usingwater, it is essential to dissolve organic liquid
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scintillator into water. The synthesis process mainly takes
place in water. During all synthesis processes, 18MΩ high-
pure water produced by Millipore Milli-Q water system is
used. It is well known that an attenuation length of high-
purity water is very large [12–14].The surfactant is to emulsify
the organic liquid scintillator into the water.
For this study, samples are classified into three groups.
The first sample is made by mixing just small portion of LS
and water with a help of surfactant. We name this sample
as a water-based liquid scintillator (WbLS, S1 group). For a
base organic solvent, LAB is used because it is safe and LY
is comparable to that of PC [7, 15]. It is essential to have
a sufficient concentration of LS in water for WbLS. Some
preliminary results were reported by BNL group in WbLS
case [16]. The second is that just a fluor is dissolved into pure
water (S2 group).Namely, a fluor is added inwaterCherenkov
detector to shift the wavelength into a longer one. Several
wavelength shifters for a Cherenkov detector were tested by
SNO group [17]. The last one is that a fluor is added to
water using different surfactants (S3 group). A fluor is directly
dissolved into surfactant at room temperature, which makes
a solution. Then this solution is slowly diluted with pure
water to the desired concentration. A possibility was reported
∼30 years ago [18]. Therefore, we have developed several
promising candidates using possible different surfactants.
This is a major motivation of this paper.
For a fluor, PPO (C
15
H
11
NO, 2,5-diphenyloxazole, neu-
trino grade), Carbostyril 124 (C
10
H
10
N
2
O, 7-amino-4-meth-
yl-2(1H)-quinolinol, CS-124), and Alexa fluor 350 (AF-350)
were dissolved. AF-350 is a water soluble blue-fluorescent
dye. CS-124 and AF-350 are pH-insensitive fluor. Bis-
MSB {(CH
3
C
6
H
4
CH=CH)
2
C
6
H
4
, 1,4-bis(2-methylstyryl)
benzene, scintillation grade} is also used as a secondaryWLS.
Fluor concentration is determined by optimizing the maxi-
mum LY of all samples. In addition, attenuation length and
chemical stability are also considered. In this paper, we briefly
describe the material chemistry, preparation, and report on
physical and optical properties of these three sample groups.
2. Choice of Various Surfactants
Water and organic solvent are not mixed with each other and
will quickly separate into two layers. In order to reduce the
tension between polar (hydrophilic) surface and nonpolar
(hydrophobic) surface, a surfactant is needed. Currently
a few hundred surfactants exist [19]. Therefore, finding a
suitable surfactant plays a key role in synthesizing liquid
scintillators using water. The structure of a surfactant and
micelles is shown in Figure 1. A surfactant consists of a
polar hydrophilic group and a nonpolar hydrophobic group.
Surfactant molecules organize to form micelles; namely,
micelle structure is a special structure constructed by a
surfactant.The hydrophilic “head” regions are in contact with
surroundingH
2
O, and the hydrophobic tail forms themiddle
of a micelle around LS.The organic LS is dissolved in this tail
region and the polar heads of surfactant molecules dissolve
the micelle in the water.
One of surfactant candidates is LAS, which is a sulfonic-
acid (HO–S–O–OH) derivative of alkyl benzene [16]. It is
very safe to use. LAS has an alkyl chain and a benzene group
which acts as a solvent to extract oils (lipophilic), while the
attached sulfonate group is soluble in water (hydrophilic).
Therefore, it acts as surfactant and LS simultaneously.
According to BNLgroup study, LYofWbLS based onLAS can
be extended up to several tens percentages of ordinary LS [16].
However, the optical property of the preparedWbLSmaterial
does not yet meet the requirements for a large detector [16].
Purification processes are to be applied. In addition, LAS has
dark brown color. Additional work to remove color is needed.
Furthermore, previous WbLS trials were not satisfactory
because it is either gel-like or unstable over time [20].
For other candidates we tried Triton X (ethoxylated
octylphenol), Pluronic (Poloxamer), Tween (Polysorbate),
IGEPAL CO-630, RMA, GOE, NP-10, coco-betaine, POE
(60) hydrogenated castor oil (HCO-60), and so forth, which
are commercially available. Table 1 shows a summary of sev-
eral surfactants used. General synthesis process of S1 sample
is shown in Figure 2. First, surfactant is added to water.
Then, in order to make a master solution, proper quantity of
PPO and bis-MSB is dissolved in an organic solvent. Finally
a master solution is mixed with a solution of water and
surfactant under moderate speed of impeller. In the case of
S2 sample, a surfactant is not necessary. Therefore, CS-124 or
AF-350 can be directly dissolved into water. For CS-124 or
AF-350 case, an order of a few ppm level is added [17]. In
order to make S3 sample, we have tested several surfactants
as shown in Table 2. In most of the S3 sample, a tint color has
developed as time elapses. Furthermore, some S3 samples go
into two phases in a few months. Therefore, HCO-60, Triton
X-100, and Polysorbate-80 plus coco-betaine are selected as
main surfactants and the quantity used is optimized, based on
LYmeasurement. Unlike other surfactants, initial state HCO-
60 is solid, so that dissolving order affects the result. HCO-
60 and PPO are mixed first and then heated with a proper
temperature until HCO-60 is melted down and mixed with
PPO together.
3. Characteristics of Liquid Scintillator
Using Water
3.1. Light Yield (LY). Above all, in order to use a liquid scintil-
lator using water for the neutrino experiments, they provide
enough light emission. First, samples were illuminated by an
ultraviolet (UV, ∼250 nm) lamp. At least we can clearly see
that light is emitted from S1, S2, and S3 samples, as shown
in Figure 3. For more detailed inspection, a test setup for
data acquisition (DAQ) is prepared as shown schematically in
Figure 4.Wemade a Teflon cylindrical tube 12 cm in diameter
and 5 cm in length. The volume of a container is approx-
imately 500mL. 5-inch-diameter Hamamatsu H6527 PMTs
are attached to both sides of the glass in the cylindrical Teflon
tube. This PMT has a bialkali photocathode whose spectral
response is maximum at around wavelength of 420 nmwith a
∼23% quantum efficiency.The anode pulse signal was fed into
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Figure 1: Structure of surfactant andmicelle in a LS. Surfactant is a material having hydrophilic group and hydrophobic (or lipophilic) group.
Surfactant molecules organize to form micelles. It helps dissolve LS in water.
Water
Surfactant
PPO
Solvent
Making a master solution
Water
Master 
solution
+ surfactant
Figure 2: Synthesis process of WbLS (S1 sample). Surfactant is added to water. PPO is dissolved in organic solvent. Finally master solution is
mixed with solution of water and surfactant with a proper speed of impeller.
Figure 3: Light is emitted from samples using 250 nm wavelength
UV lamp. From left, pure water (H
2
O), S1 (Triton X-100), S2 (CS-
124), S3 (HCO-60), and LAB-based LS. Pure water does not emit
light. LAB-based LS is shown for the comparison of light intensity
with other samples.
a homemade 400MHz flash analog digital converter (FADC)
module. The data acquisition system (DAQ) is composed of
VME crate and FADC400MHz data processingmodules and
a PC running ROOT software.
The energy spectrum was measured and then fitted by
using the proper functions. Sufficient LY is essential to
reconstruct the energies of the events. The LY of the samples
was determined by using the full width at half maximum
(FWHM) of the Compton scattering edge position. A 137Cs
(0.662MeV) source is used. The LY of several samples is
summarized in Figure 5. In all S1, S2, and S3 samples, we
have roughly ∼10% of LY relative to that of a 100% LAB-
based LS. Even though the level of ∼10% output is not high
enough, we need to further improve and compensate this
deficit. However, at least a liquid scintillator using water can
be feasible as a next generation neutrino detector.
3.2. Transmittance ([T]) and Attenuation Length (𝜆att). A
liquid scintillator using water should be optically transparent
if it is to be used as a massive next generation neutrino
detector. After synthesizing various samples as listed in
Table 3, eye inspection was routinely performed over ∼one
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Table 1: Several surfactants used for synthesizing a LS using water.
Surfactants Commercial name Formular Color Type
Linear alkyl sulfonic-acid (HO-S-O-OH) LAS RC6H4SO3Na Dark brown Anionic
Ethoxylated octylphenol
(iso-octyl phenoxy polyethoxy ethanol) Triton X-100
C32H56O10
C34H60O11
White Nonionic
Polyoxyethylene (80) sorbitan
monooleate
Tween-80
Polysorbate-80 C64H124O26 Brown Nonionic
Sorbitan monooleate, sorbitan oleate Span-80 C24H44O6 Light yellow Nonionic
Nonylphenol, branched, ethoxylated IGEPAL CO-630 C33H60O10C35H64O11
White Nonionic
Nonylphenol ethoxylate 10 NP-10 C35H64O11 White Nonionic
POE (60) hydrogenated castor oil HCO-60 C18H37NO3 Opaque Nonionic
Cocamidopropyl betaine Coco-betaine C19H38N2O3 Light yellow Ampholytic
Sodium cocoyl glutamate RC6H7NO5Na Light yellow Anionic
Sodium polyacrylate
Hydrogenated polydecene
Trideceth-6
OptaSense
RMA-52
[C3H3O2Na]𝑛
C10H20
C15H32O2
White Anionic
Glyceryl oleate/elaidate GOE C39H72O6 Opaque Non ionic
Sodium Peg-7 Olive oil carboxylate OLIVEM-400 Light yellow Anionic
Table 2: Several surfactants used for synthesizing a LS using water.
Sample group Surfactant Fluor Fluor concentration Eye inspection (time elapses)
S1
Triton X-100 PPO ∼0.1 g/100mL Clear
NP-10 PPO ∼0.1 g/100mL Clear
IGEPAL CO-630 PPO ∼0.1 g/100mL Unclear
LAS PPO ∼0.1 g/100mL Clear
Tween-80 PPO PPO is not solved
S2 CS-124 ∼ppm Clear
AF-350 ∼ppm Clear
S3
HCO-60 PPO ∼0.1 g/100mL Clear
Triton X-100 PPO ∼0.1 g/100mL Clear
Polysorbate-80 PPO ∼0.1 g/100mL Clear
RMA-52 PPO PPO is not solved
GOE PPO PPO is not solved
Coco-betaine PPO ∼0.1 g/100mL Clear
OLIVEM-400 PPO ∼0.1 g/100mL Tint color
Polysorbate-80 + coco-betaine PPO ∼0.1 g/100mL Clear
year. For more detailed inspection, a transmittance value was
measured by means of spectrometric technique by using a
Shimadzu UV-1800 UV-VIS spectrophotometer. The optical
quality of samples is evaluated by measuring their light
transmittance in the wavelength region between 200 and
600 nm. The light transmittance value ([𝑇]) is defined as
𝑇 = 𝐼/𝐼
0
, where 𝐼
0
and 𝐼 are the intensities of the incident
and the emitted light, respectively. The absorption value, 𝐴,
is related to 𝑇 as 𝐴 = − log𝑇. This describes the distance
over which the initial intensity 𝐼
0
is reduced by 𝑒−1 [8, 21].
Figure 6 shows [𝑇] and [𝐴] values of several samples on one
plot. The transmittance value, [𝑇], of S1 (Triton X-100) and
S3 (HCO-60) samples is over ∼80% in the wavelength range
above 400 nm. In the case of S2 (CS-124), it is over∼90% from
350 nm to 600 nm.
The attenuation length 𝜆att was extracted from 𝜆att =
0.4343𝐿/𝐴, based on the Beer-Lambert-Bouguer empirical
law [5, 15, 22]. Here, 𝐿 is the path length of a cuvette cell,
and 𝐴 is the absorption value at 420 or 430 nm. This is
the wavelength region where the main scintillation energy
transfermechanismoccurs andwhere theHamamatsuH6527
PMT is most sensitive.Themeasurement was carried out in a
10 cm path-length quartz cuvette cell. The attenuation length
of S2 (CS-124) at a wavelength of 430 nm is more than ∼40m.
However, in S1 (Triton X-100) and S3 (HCO-60) samples, we
need to purify the quality of samples.
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Figure 4: Schematic layout of the experimental test setup for DAQ. A homemade FADC-based DAQ system is designed. A self-trigger in
the FPGA chip on the FADC module is used. A built-in discriminator with an adjustable 10mV threshold is applied. Data are transferred to
Linux-based operating computer through VME-USB interface.
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Figure 5: (a) Scintillation response from each sample. (b) Light yield (LY) of liquid scintillators usingwater. Results of some liquid scintillators
in each group (S1, S2, and S3) with different surfactants are shown. The liquid scintillators using water are excited by using 137Cs source. A
LAB-based LS is used for a reference. We take a LAB-based LS as 100% for comparison with other samples.
3.3. Absorption and Fluorescence Emission Spectra. Based on
the absorption spectra of the samples, excitation wavelength
was selected. A fluorescence check of S1 (Triton X-100),
S2 (CS-124), and S3 (HCO-60) sample was carried out by
using a Varian Cary Eclipse fluorescence spectrophotometer
over a wide spectral range of excitation wavelengths to
look for unusual fluorescence in the wavelength region of
350∼450 nm.The pure LAB solvent shows an emission maxi-
mum at 340 nm.Therefore, the wavelength of the scintillation
light from LAB needs to be shifted above 400 nm. This can
be done by adding a primary solute such as PPO and CS-
124. PPO emits photons at 340∼440 nm. The absorption and
the emission spectra of S1 (Triton X-100), S2 (CS-124), and
S3 (HCO-60) sample are shown in Figure 7.The results show
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Table 3: Density of S1, S2, and S3 sample group. A LAB-based
LS is added for a reference sample in the measurement of density
comparison.
Number Sample group Surfactant
Density
(g/cm3)
±0.001
Temperature
(∘C)
A LAB-based LS 0.852 28.0
B
S1
LAS 0.998 26.1
C Triton X-100 1.011 25.2
D NP-10 0.996 27.6
E S2 (CS-124) 0.997 26.4
F S2 (AF-350) 0.996 27.6
G
S3
HCO-60 1.015 25.6
H Triton X-100 1.007 25.1
0 Polysorbate-80+ coco-betaine 0.995 27.0
Wavelength (nm)
200 250 300 350 400 450 500 550
Ab
so
rp
tio
n
0
0.5
1
1.5
2
2.5
3
3.5
4
Tr
an
sm
itt
an
ce
 (%
)
0
10
20
30
40
50
60
70
80
90
100
LAB absorption
LAB transmittance
Triton X-100 absorption
Triton X-100 transmittance
HCO-60 absorption
HCO-60 transmittance
CS-124 absorption
CS-124 transmittance
Figure 6: Transmittance [𝑇] and absorption [𝐴] values of S1 (Triton
X-100), S2 (CS-124), and S3 (HCO-60) samples as functions of
wavelength on one plot. The solid line represents the absorption,
and the dashed line represents the transmittance. 𝑇 is related to
𝐴 = − log𝑇. The transmittance of various samples is given as a
percentage.
that the emission spectrum of each sample is well matched
with the absorption spectrum of each sample.Themaximum
value of the emission spectrum of each sample is located
at about 420∼430 nm and the Hamamatsu H6527 PMT had
its optimal maximum quantum efficiency in this wavelength
range.Therefore, the energy transfermechanism of S1 (Triton
X-100), S2 (CS-124), and S3 (HCO-60) samples is clearly seen.
3.4. Density. Generally a neutrino detector consists of several
vessel layers, and each layer is filled with a different liquid.
This causes different buoyancy forces between layers [23].
Therefore, it is better to know the density with reasonable
accuracy. To minimize the mechanical stress, the density
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Figure 7: The absorption and the emission spectra of S1 (Triton
X-100), S2 (CS-124), and S3 (HCO-60) samples, respectively. The
overlap of absorption and emission spectra in each sample group
can be seen.
of each layer needs to be matched as close as possible.
We used a portable density meter (DA-130N, KEM) with a
resolution of 0.001 g/cm3 at 0∼40∘C. The densities of S1, S2,
and S3 samples we synthesized are shown in Table 3. For
comparison, the density of a LAB-based liquid scintillator is
0.852 ± 0.001 g/cm3 at 28∘C [24].
4. Summary
We have developed and established scintillating liquids using
water as a solvent for an organic liquid scintillator. Under-
standing and characterizing the various properties of a liquid
scintillator using water are important to use them. Several
surfactants have been tested to solubilize the organic solvent
in water. In particular, in this work we mainly focused on
and investigated S3 samples in many ways, in which a fluor
is added to water using different surfactants. Namely, we use
amethodwhere a fluor is directly dissolved in surfactants and
then diluted with water.
A feasibility check for liquid scintillators using water
shows that they have ∼10% of LY relative to that of a 100%
LAB-based LS. This is a marginal LY to use. In addition,
several important physical and optical parameters of the
samples were measured and were satisfactory for use. The
long-term stability test showed that three group samples were
chemically stable over a year. A liquid scintillator using water
with a nonionic surfactant has many good features to use
for neutrino experiments. It can replace hundreds of tons of
organic liquid scintillators and has relative simplicity of liquid
handling and cost efficiency. It could potentially be a possible
candidate for very large next generation neutrino detectors.
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